Introduction
The nuclear envelope (NE) is formed by two lipid bilayers, the outer nuclear membrane (ONM), which faces the cytoplasm and is contiguous with the endoplasmic reticulum (ER), 1 and the inner nuclear membrane (INM), which faces the nucleoplasm. The two bilayers connect at the nuclear pore complexes (NPCs). Although there are proteins that are proposed to reside in both the ONM and the INM, 2,3 the general protein composition of the two membranes is distinct. The two membranes serve to ensure proper nuclear function and architecture. INM protein targeting is of special interest because the INM contains a number of proteins that assist processes such as DNA replication and gene expression. 4 Furthermore, inappropriate location of INM proteins causes human envelopathies. 5 INM integral proteins are translocated from the ONM to the INM. A class of INM transmembrane proteins is proposed to access the interior by a diffusion-retention model, 6 which predicts that proteins attached at the ONM are passively translocated through the NPC and retained at the INM by other proteins or protein complexes such as lamina. 7 However, INM targeting for other proteins is more complex and incorporates different factors and/or multiple steps. 8 For example, a nuclear localization signal (NLS) facilitates the translocation to the INM of the yeast proteins Heh1 and Heh2. 9, 10 The C. elegans SUN protein, UNC-84, contains multiple targeting sequences and is actively transported. 11 Human Sun2 INM location is dependent on a NLS, a Golgi retrieval signal, and a perinuclear domain. 12 Also, the yeast INM SUN protein, Mps3, binds the histone variant Htz1 for translocation through the NPC. 13 Another group of proteins are peripherally associated to the INM. Compared with integral INM proteins, information of how they are targeted to the membrane is limited.
14 Most of the information derives from studies of the lamin proteins which reach the nucleoplasm via Ran-dependent nuclear import machinery and then associate with the INM by specific modifications of either the N or C-termini, which confer the ability to bind membranes. 15 The specific targeting of lamin proteins, and perhaps other peripheral INM proteins to the NE and not to other membranes is likely due to the NLS, which delivers the protein specifically to the nuclear interior.
Here we describe studies to investigate the INM targeting mechanism for the peripheral S. cerevisiae protein, Trm1, a tRNA methyltransferase. 16 There are two isoforms of the Appropriate targeting of inner nuclear membrane (INM) proteins is important for nuclear function and architecture. To gain new insights into the mechanism(s) for targeting and/or tethering peripherally associated proteins to the INM, we screened a collection of temperature sensitive S. cerevisiae yeast mutants for defects in INM location of the peripheral protein, Trm1-II-GFP. We uncovered numerous genes encoding components of the Spindle Pole Body (SPB), the yeast centrosome. SPB alterations affect the localization of both an integral (Heh2) and a peripheral INM protein (Trm1-II-GFP), but not a nucleoplasmic protein (Pus1). In wild-type cells Trm1-II-GFP is evenly distributed around the INM, but in SPB mutants, Trm1-II-GFP mislocalizes as a spot(s) near er-nucleus junctions, perhaps its initial contact site with the nuclear envelope. employing live cell imaging over time in a microfluidic perfusion system to study protein dynamics, we show that both Trm1-II-GFP INM targeting and maintenance depend upon the SPB. We propose a novel targeting and/ or tethering model for a peripherally associated INM protein that combines mechanisms of both integral and soluble nuclear proteins, and describe a role of the SPB in nuclear envelope dynamics that affects this process.
protein that are generated by alternative translation starts. The form initiating at the first AUG (Trm1-I), localizes exclusively to the mitochondria whereas the form initiating at the second AUG (Trm1-II), localizes to both the mitochondria (10%) and the nucleus (90%). 16, 17 Mitochondrial localization of Trm1-I and Trm1-II is achieved by a mitochondrial targeting signal (MTS), while nuclear localization of Trm1-II is driven by a NLS. Endogenous Trm1-II and tagged Trm1-II-GFP are both peripherally associated throughout the INM. [17] [18] [19] [20] [21] Mutational analysis of TRM1 revealed that a region composed of amino acids 133 to 151 is necessary and sufficient for NE targeting. 20 A genome-wide screen of non-essential yeast genes identified factors required for Trm1-II-GFP INM location. 18 This screen identified ICE2 and the NatC N-terminal acetylase genes (MAK3, MAK10, and MAK31) as determinants for appropriate INM location. Deletion of these genes causes mislocation of Trm1-II-GFP to the nucleoplasm, sometimes with a residual pool at the nuclear membrane. However, Ice2 and the NatC complex seem to have an indirect role in Trm1-II INM location as Ice2 is an ER protein and NatC N-acetylation is not sufficient for its INM location. 18 The Ran pathway is required for Trm1-II import, but not for its INM maintenance. 20 The cumulative data of cis and trans acting components led to a model that Trm1-II is imported into the nucleus by a similar mechanism to soluble nucleoplasmic proteins and then it is delivered to the INM. 20 However, as previous attempts did not elucidate the identity of Trm1-II's INM tether, the exact targeting and/or tethering mechanism is still unclear.
In this work we utilized genetic and cell biology approaches to achieve an understanding of targeting and/or tethering of INM peripherally associated proteins. We screened essential Saccharomyces cerevisiae genes for the location of galactoseinducible Trm1-II-GFP using an ordered collection of temperature-sensitive (ts) mutants.
22 Surprisingly, we found that multiple components of the spindle pole body (SPB) are required for Trm1-II-GFP INM location. To elucidate the role of the SPB in INM targeting and/or tethering, we utilized a microfluidics perfusion system for live cell imaging to study the dynamics of newly synthesized Trm1-II-GFP. Our data support a model in which Trm1-II-GFP is transported to the nuclear interior by at least two different mechanisms, one of which combines features from the soluble import pathway and the mechanism for targeting integral proteins. Additional studies showed that the SPB is important for appropriate location of an integral INM protein, but not for a soluble nucleoplasmic protein, suggesting a role of the SPB in nuclear architecture that affects membrane proteins.
Results

Trm1-II-GFP is mislocalized in yeast cells with altered SPB structure
To identify mutations of essential genes that affect INM targeting, we screened an ordered collection of ts mutations of essential genes (740 ts alelles, ~500 genes, comprising 45% of the essential proteome) 22 for altered INM targeting of galactoseinducible (newly synthesized) Trm1-II-GFP after shift to the nonpermissive temperature (NPT, 37 °C) (Fig. 1A) . We uncovered a total of 65 ts mutant alleles (54 genes) for which Trm1-II-GFP was mislocated. Prominent among the mutants was a group of strains affecting the SPB (Table 1) . Upon galactose induction at the NPT in the SPB ts mutants, Trm1-II-GFP locates as a predominant spot, rather than being evenly distributed around the INM as in wild-type (wt) cells (Fig. 1B) . More detailed analysis revealed that although Trm1-II-GFP mislocation is more severe at the NPT, it also occurs at the permissive-temperature (PT).
The SPB is the microtubule-organizing center and it is inserted in the NE throughout the entire cell cycle. The SPB contains three plaques, outer, central, and inner, that are connected to the nuclear membrane by SPB membrane proteins. 23 During cell division, the SPB is duplicated and forms a half bridge and a satellite where the new SPB is assembled. The SPB proteins that affect the distribution of Trm1-II-GFP at the INM correspond to all parts of the structure (Fig. 1C) . Thirteen out of the 19 known SPB core components were represented in the ts collection (Fig. 1C) . Nine of those 13 SPB genes with ts mutations affected the location of galactose-inducible Trm1-II-GFP at the INM ( Table 1) . With the exception of NDC1, the ts SPB genes in the collection were represented by multiple ts alleles. However, not all the mutated alleles present in the collection for a particular gene affected Trm1-II-GFP INM location ( Table 1) . Among the other six core components that were not available in the collection, only three are essential (Spc97, Spc98, and Kar1), while proteins Cnm67, Nud1, and Spc72 are unessential. The non-essential SPB proteins did not result in INM mislocation of constitutively expressed Trm1-II-GFP. 18 In addition to the mutations of the nine genes encoding SPB core components, several ts alleles of the genes that encode kinases Mps1 and Cdc28 were identified among the ts mutants affecting Trm1-II-GFP localization ( Table 1) . Mps1, phosphorylates Spc42, Spc98, and Spc110 [24] [25] [26] and it is involved in many steps of SPB duplication. 27 Cdc28 has a role in SPB duplication via phosphorylation of Spc42, Spc110, and Mps1 when in complex with other proteins. 28, 29 Trm1-II-GFP also demonstrates an aberrant location in yeast strains when the SPB components Mps1, Ndc1, Spc29, and Spc110 (also represented in the ts collection) and Kar1 (which was absent from the ts collection) are inactivated by tetracycline off regulation (Table S1) . 30 In summary, using two different approaches to alter SPB function, (ts collection and tetracycline-regulated strains) we uncovered that the majority of essential SPB or SPB-related proteins have an apparent role in the location of galactoseinducible Trm1-II-GFP to the INM.
One caveat of our screen was that Trm1-II-GFP overexpression may have contributed to its mislocation. To address this concern, we tested whether low levels of Trm1-II-GFP also mislocate in the SPB ts mutants by expressing Trm1-II regulated by its own promoter in a centromere-containing (low copy) plasmid. Previous work had shown that in wt cells containing endogenous and untagged-Trm1-II, the location of Trm1-II expressed from plasmids (even high copy numbers) was not altered. 18, 20 Similar to galactose-inducible Trm1-II-GFP, the protein accumulated as a spot at the NPT in the majority (65%) of the cells observed (Fig. 1D) . Thus, mislocation of Trm1-II-GFP in the SPB ts mutants is not a result of high expression. Another caveat is that the Trm1-II-GFP phenotype could be caused by the temperature sensitivity of the mutants tested. However, only a minority of strains in the ts collection affects Trm1-II-GFP location.
Moreover, Trm1-II-GFP was mislocated in yeast strains with tetracycline-regulated SPB genes. We conclude that the SPB plays role in targeting or tethering Trm1-II-GFP throughout the INM.
To learn whether alterations of the SPB that naturally occur also affect the distribution of Trm1-II-GFP, we studied the distribution of Trm1-II-GFP in wt cells treated with α-factor. The SPB structure is altered and its duplication is prevented in MATa cells treated with the pheromone, α-factor. The SPB in these cells is smaller and at least one component, Spc110, is reduced. 31, 32 We reasoned that wt cells arrested with α-factor would mislocate Trm1-II-GFP in a similar fashion to the SPB ts mutants if this phenotype is a consequence of an alteration of the SPB structure. Indeed, galactose-inducible Trm1-II-GFP mislocated similarly to the SPB ts mutants identified when we treated wt cells with α-factor ( Fig. 1E ) (79%). Thus, Trm1-II-GFP mislocation in the SPB ts mutants is likely a consequence of an alteration of the SPB that, directly or indirectly, affects its INM location. As addition of α-factor pheromone arrests the cell cycle at G 1, and also is known to cause some indirect changes in the yeast nuclear envelope, 33 one possibility is that Trm1-II-GFP normally localizes to a focus in G 1 . However, galactoseinducible Trm1-II-GFP was appropriately distributed in most of the ts mutants for proteins involved in G 1 arrest, (cdc proteins with the exception of Cdc28, Cdc1, and Cdc48 under heat stress, above 38 °C). Moreover, Trm1-II-GFP was mislocated in SPB ts mutants with different cell cycle effects that are not necessarily restricted to G 1 .
Role of the SPB in targeting and/or tethering Trm1-II-GFP throughout the INM
To address the location of galactose-induced Trm1-II-GFP with respect to the nuclear envelope, we performed indirect immunofluorescence (IF) in wt and spc110-220 ts cells using the NPC protein, Nsp1, to mark the NE and the NPC (Fig. S1A) . In both wt and spc110-220 ts cells, Nsp1 exhibited a punctuate pattern characteristic of NPC proteins. Upon galactose induction at NPT, Trm1-II-GFP in wt cells showed the expected smooth ring distribution (85%). In the majority of the SPB ts mutant cells (75%) Trm1-II-GFP located as a spot close to or at the NE; interestingly, the Trm1-II-GFP spot often located to a pore-less region. In the remaining 25% of the cells, the localization of Trm1-II-GFP was unclear as it appeared to be excluded from the NE. We also addressed the location of galactose-induced Trm1-II-GFP with respect to the SPB and other subnuclear structures. The Trm1-II-GFP spot did not co-localize with the SPB, the nucleolus or nucleus-vacuole junctions (NVJ) (Fig. S1B-D) .
We previously proposed that Trm1-II is imported into the nucleoplasm before it is tethered to the INM. 20 However, since the Trm1-II-GFP spot was located close to, or at, the NE in most cells, but in some cells it appeared far from the NE, we explored whether the Trm1-II-GFP spot co-located with a region of the NE that coincides with ER and/or the ER-nucleus junctions. ER-nucleus junctions are ER extensions connecting the perinuclear ER (pER) to the cortical ER (cER). 34 We followed the dynamics of Trm1-II-GFP in both wt and spc110-220 cells containing endogenously-tagged Sec63-mCherry to locate the ER. Since in spc110-220 cells Trm1-II-GFP exhibits the spot phenotype at both PT and NPT ( Fig. S2A-B ), we were able to study the location of Trm1-II-GFP at room temperature. We employed a microfluidics perfusion system for live cell imaging, which permitted appropriate aeration and media exchange, thus allowing tracking of living cells in optimal growth conditions over extended time. However, the number of cells that can be tracked in a single experiment is limited. Therefore, each experiment was repeated multiple times and, at the last time point, the phenotypes of additional cells in the same microfluidic plate were assessed and calculated. We induced Trm1-II-GFP synthesis for 60 minutes (min) after shifting cells grown in raffinose media to galactose media, at which time further synthesis of Trm1-II-GFP was terminated by introduction of glucose media ( Fig. 2A) .
By western analysis of a separate culture we verified that Trm1-II-GFP accumulation stopped 30 min after glucose addition (Fig. 2B) . The pool of Trm1-II-GFP monitored after glucose introduction is unlikely to be influenced by new protein synthesis because the half-life of endogenous Trm1 mRNA is only 8-15 min. 30, 35, 36 Movement of Trm1-II-GFP was followed for 150 min. At 45 and 60 min, there was no detectable signal in wt cells, whereas there was a weak location to the NE in spc110-220 cells. After 90 min, Trm1-II-GFP in wt cells localized to the nuclear rim in the majority of the cells (Fig. 2C) . In contrast, in the majority of the spc110-220 cells, Trm1-II-GFP accumulated as a spot close to the NE or co-localized with the ER-nucleus junction (Fig. 2C) . We did not detect nucleoplasmic pools of Trm1-II-GFP at any time point in either wt or spc110-220 cells. Thus, the nucleoplasmic step in the Trm1-II-GFP targeting mechanism either is very transient or it does not exist. Interestingly, in a subpopulation of spc110-220 cells, the Trm1-II-GFP spots located at the cER. The Trm1-II-GFP signal (spots) in spc110-220 cells appeared earlier than in wt cells probably because Trm1-II-GFP expression in spc110-220 was detected earlier and was higher than in wt cells (Fig. 2B) .
Trm1-II-GFP location in additional wt and SPB mutant cells monitored at the 150 min endpoint was consistent with the data collected following Trm1-II-GFP in individual cells. For 74% of wt cells, Trm1-II-GFP was evenly distributed around the NE while in 26% of the cells it locates as a spot (Fig. 2D) . In contrast, for the spc110-220 cells 86% showed abnormal Trm1-II-GFP accumulation whereas for 14% of cells, Trm1-II-GFP was distributed around the NE. For 68% of those spc110-220 cells that showed Trm1-II-GFP mislocation, the signal co-localized with the ER marker close to the NE and ER-nucleus junctions (Fig. 2E) . Because the ER-nucleus junctions were not visible in all cells, it was not possible to determine the exact location in many of the cells. For the remaining 32% of spc110-220 cells, Trm1-II-GFP accumulation occurred at the cER (Fig. 2E) . Therefore, in cells with an altered SPB structure and/or function, Trm1-II-GFP is located preferentially to specific regions or sub-domains close to the NE that often coincides with the ER-nucleus junctions.
One interpretation of the above data is that Trm1-II-GFP contacts the ER/ONM before it is targeted to the INM, perhaps indicating that the initial tether is located at the ER/ONM, and that the SPB functions in Trm1-II-GFP movement from the ER/ ONM and tethering to the INM. To further explore the role of the SPB we employed the microfluidics perfusion system to follow the dynamics of galactose-inducible Trm1-II-GFP from its first appearance until it forms a ring at the INM in wt cells arrested with α-factor. The cells were arrested by addition of raffinose media containing α-factor (Fig. 3A) . After the majority of the cells were arrested as observed by the formation of "shmoo," Trm1-II-GFP was induced with galactose for 60 min, and further Trm1-II-GFP synthesis was repressed by substitution of glucose media in the continued presence of α-factor for an additional 60 min. At 120 min Trm1-II-GFP demonstrated the predominant spot phenotype in the majority of wt shmoo cells (Fig. 3C) . Then, the shmoo cells were released from the cell cycle arrest by elimination of α-factor from the media flowed to the cells. After 180 min (300 min of the experiment) in the absence of α-factor, we observed that in 40% of the monitored cells Trm1-II-GFP redistributed from a localized region of the NE or the cER throughout the entire INM. Most of the cells initiated bud formation documenting the release from the G 1 arrest by α-factor. However, other cells maintained the "shmoo" shape. The data indicated that the cells re-arrange the nuclear membrane while the changes in the cell wall recovery are in progress, in agreement with previous studies reporting that cytoplasmic re-arrangement and nuclear re-organization in α-factor arrested cells are independent. 33 As the level of Trm1-II-GFP is stable after 90 min (Fig. 3B) , and the Trm1 mRNA half-life is short, the INM localization of Trm1-II-GFP after release from the cell cycle arrest is most likely a result of redistribution of protein transiently located at discrete regions on the ER/NE to the INM. The data for the location of Trm1-II-GFP in additional wt arrested cells monitored at the 300 min endpoint (180 min after release), demonstrated that in 76%, Trm1-II-GFP was located at the INM, while only 30% of the wt cells maintained the spot phenotype The results obtained by using the microfluidics system for live imaging, support the hypothesis that Trm1-II-GFP is transiently located at the ER/ NE before it locates/tethers to the INM. Thus, INM "spreading" from a discrete region of the ER/NE is likely part of the targeting mechanism for Trm1-II-GFP.
Changes of the SPB affect targeting of peripheral and integral INM proteins, but not a nucleoplasmic protein
We reasoned that if the SPB defect affects targeting of Trm1-II-GFP, which was proposed to follow the classical import pathway, then the import of other soluble proteins might also Figure 2 (See previous page) . Live be affected. We compared the dynamics of galactose-inducible Trm1-II-GFP to the soluble nuclear protein, Pus1-GFP in wt and spc110-220 cells. In contrast to Trm1-II-GFP, galactose induced Pus1-GFP located in the nucleoplasm in both wt and spc110-220 cells (Fig. 4A and B) . Similar results were obtained for Pus1-GFP in wt cells arrested with α-factor (Fig. S3A) . Thus, the SPB does not appear to play a role in the targeting of at least one nucleoplasmic protein, Pus1-GFP.
We monitored the dynamics of the integral protein Heh2-GFP in wt and spc110-220 cells. In wt cells galactose-inducible Heh2-GFP localizes as a ring at the NE, as previously reported 9 ( Fig. 4C) . We observed that part of the Heh2-GFP pool accessed the NE in the SPB ts mutant. However, a pool of Heh2-GFP co-localized with the ER marker that is part of the cER (Fig. 4C) . We also noted that in the SPB ts mutant a pool of Heh2-GFP was located to small extensions that partially co-localized with the ER marker. It was unclear whether these extensions are nuclear or part of the ER. When we analyzed additional cells, the aberrant localization of Heh2-GFP was observed in the majority (70%) of the induced spc110-220 cells (Fig. 4D) . Thus the integral INM protein, Heh2-GFP, has an aberrant distribution in the SPB mutant. That the SPB is important for the appropriate distribution of an integral and a peripherally-associated INM protein was further supported by data showing that Heh2-GFP INM location was aberrant in wt cells treated with α-factor (Fig. S3B) .
The results indicate that a defect at the NE in cells with altered SPB affects both a peripherally-associated and an integral INM but not a nucleoplasmic protein.
The data support the idea that Trm1-II may utilize an INM targeting mechanism that shares aspects of the mechanism for targeting integral proteins to the INM.
Trm1-II-GFP is alternatively transported via classical pathway when inefficiently tethered
Our data indicate that the Trm1-II INM targeting mechanism does not strictly require that the protein access the nucleoplasm before being located at the INM and that alteration of the SPB appears not to affect access to the nuclear interior. One possible explanation for the nucleoplasmic location of Trm1-II-GFP in mutants defective for the NatC N-acetylation proteins and in mutated forms of Trm1-II reported in previous work 18, 20 is that the protein is able to utilize exclusively the classical import pathway for soluble proteins when it is defective in binding to its tether. Therefore, we monitored the dynamics of a galactose-inducible version of Trm1-II-GFP containing a point mutation (Trm1-II(A147D)-GFP) in its INM targeting and/or tethering motif; this version of Trm1-II-GFP was previously shown to be nucleoplasmic in wt cells. 20 In wt cells and the SPB ts mutant spc110-220, the majority of Trm1-II(A147D)-GFP was located in the nucleoplasm (87% and 83%, respectively) ( Fig. 5A and B) . However, in a small number of cells some Trm1-II(A147D)-GFP accumulated at the ER or NE in addition to the nucleoplasmic pool that we attribute to some residual INM binding. One interpretation of the results is that if Trm1-II-(A147D)-GFP is unable to bind to its membrane tether, it utilizes the soluble import pathway to access the nuclear interior, and it is therefore not affected by the SPB alteration. This interpretation is in agreement with our data showing that the SPB defect does not affect nuclear targeting of soluble a protein, Pus1-GFP. The results also suggest that in normal conditions, a pool of Trm1-II-GFP may access the nucleoplasm by using the classical import pathway for soluble proteins, but that most of the INM located protein is targeted and/or tethered after its initial interaction with ONM, prior to reaching its final destination (Fig. 5C) .
Trm1-II maintenance at the INM is dependent on the SPB Assessment of Trm1-II-GFP subcellular dynamics in SPB ts mutants and wt cells treated with α-factor showed that the INM targeting process is interrupted as a consequence of a SPB alteration. One interesting possibility is that the Trm1-II INM tether at the NE is limited or re-arranged in cells with altered SPB. If so, then Trm1-II-GFP located at the INM might relocate elsewhere upon SPB reorganization or disruption. To test this hypothesis, Trm1-II-GFP was induced in wt cells prior to arrest with α-factor (Fig. 6A) . Then, location of Trm1-II-GFP was followed. Surprisingly, we observed that the Trm1-II-GFP forming an initial ring at the INM collapsed to a single region of the NE after 120 to 180 min of arrest with α-factor (240-300 min) (Fig. 6B and C) . Calculations of the number of cells with spots (in additional cells after 3 h of arrest) showed an INM location for Trm1-II-GFP spots in the majority of the cells (93%). A low number (7%) had signal at the cER (Fig. 6C) . The effect of the SPB in Trm1-II-GFP targeting and/or tethering is consistent with a possible role of the SPB in NE dynamics during the cell cycle. If so, then one should be able to observe Trm1-II-GFP change in location through multiple rounds of mitosis in wt cells. To address this possibility we observed wt cells first synchronized with α-factor and then released for extended times (Fig. 7A) . The results showed that Trm1-II-GFP INM location is dynamic and once it is tethered to the INM it is subject to changes in distribution (Fig. 7B) .
Discussion
A new mechanism for targeting and/or tethering peripherally-associated proteins to the INM
We previously proposed that Trm1-II first enters the nucleoplasm and then associates with the INM. 20 However, our data monitoring the movement of Trm1-II in wt cells, α-factor treated cells and cells with defects of the SPB do not support this idea. Rather, they support a modified mechanism by which Trm1-II-GFP first locates to the ER before "spreading." In agreement with this idea, in cells with altered SPB, galactoseinducible Trm1-II-GFP does not locate uniformly around the INM. Rather, in the majority of the cells, Trm1-II-GFP accumulates as one or a few spots mainly located to a discrete pore-less region of the NE that predominantly coincide with the ER-nucleus-junctions. Employing the microfluidics perfusion system for live cell imaging, we confirmed that even at permissive temperature, newly synthesized Trm1-II-GFP and Heh2-GFP did not achieve their normal INM location (but not quite in an identical manner) in spc110-220 cells and cells treated with α-factor, while the location of the nucleoplasmic protein Pus1-GFP, was not affected. We also observed that the galactoseinducible Trm1-II-GFP spot was able to "spread" from a discrete region at the NE or from the ER-nucleus junctions throughout the entire INM. Our results indicate that the SPB affects INM targeting of Trm1-II-GFP only if the protein is capable to bind its membrane tether and that the protein lacking binding ability accesses the nuclear interior regardless of the SPB defect by using the soluble import pathway. The evidence suggests that the INM targeting mechanism for Trm1-II possesses similarities to the Ran-dependent targeting mechanism of an INM integral protein. 9 In support of this idea, both INM proteins Trm1-II-GFP (peripheral) and Heh2-GFP (integral), but not Pus1-GFP (nucleoplasmic), were affected by the SPB defect.
We propose a revised model of the mechanism for targeting of a peripheral protein to the INM (Fig. 5C ): after translation (1), Trm1-II is directed to the NE in a Ran-dependent manner via the NLS, where it contacts its initial tether at the ER/ONM (2), similarly to the proposed mechanism for Heh1/Heh2 yeast proteins. 9 Translocation occurs by assistance of the importin complex while Trm1-II remains attached to the membrane (3). Alternatively, when Trm1-II is unable to bind its membrane tether, it follows the classical import pathway as the protein is already bound to the importin complex (4). After translocation, Trm1-II is released from the importin and is evenly distributed throughout the INM or is nucleoplasmic (5). We are investigating whether the INM tether is a protein or lipid.
Integral and peripheral INM proteins using the active transport machinery may share features of their targeting process. However, we do not propose that their mechanisms are identical as when Trm1-II targeting to the INM is prevented, it accumulates as a discrete spot(s)-but when Heh2 INM targeting is affected, it accumulates throughout the ER (in addition to the INM) in a characteristic pattern of ER proteins (this work and ref. 9). Different lipid requirements or preferences could explain why there is always a pool of Heh2 protein at the INM, regardless of the SPB defect. Future studies are needed to investigate how generalizable is this trafficking/targeting pathway for peripherally associated INM proteins.
The SPB role in INM targeting and/or tethering Our work suggests a role for the SPB in nuclear organization during the cell cycle that also influences how a peripherallyassociated protein, Trm1-II, is targeted to the INM. More specifically, it supports the idea of a possible role of the SPB in NE homeostasis that is not restricted to a particular SPB protein, but is a general effect that occurs when the SPB dynamics are compromised. This conclusion is supported by three lines of evidence that independently alter the SPB and affect Trm1-II INM location: (1) ts mutations of numerous independent SPB components, (2) depletion of several SPB gene products by tetracycline-regulation, and (3) treatment of cells with α-factor.
Finding that the SPB function could affect INM targeting was unanticipated. The SPB is the yeast equivalent of the centrosome. However, it is known that there are some components of the SPB that are also components of the NPC and the nuclear membrane where they play different roles. 37, 38 The SPB may directly or indirectly affect INM targeting and/ or tethering. For a direct role, a component(s) of the SPB could interact with the Trm1-II membrane tether. Alternatively, SPB alterations may indirectly affect a cellular process that causes mislocation of INM proteins. One possibility that we tested is that nuclear import is affected in cells with an altered SPB but our data do not support this because galactose-inducible Pus1-GFP and the INM binding mutant Trm1-II(A147D)-GFP, were efficiently transported into nucleus of the SPB ts mutant and wt cells arrested with α-factor.
Another mechanism by which SPB defects might indirectly affect INM targeting and/or tethering is by affecting the cell cycle. 33, 39 Indeed, previous work suggests a connection between cell cycle arrest and re-arrangement of the NE that results in formation of distinct NE domains, especially the membrane area that surrounds the nucleolus. 33, 40 However, this possibility is unlikely for several reasons. First, the majority of the SPB proteins encoded in the ts collection affected galactose-inducible Trm1-II-GFP INM localization regardless of their role and the stage of the cell cycle where they function. Second, among the cdc mutants present in the ts collection (~40) only those encoding Cdc1, Cdc28 and Cdc48 proteins caused galactose-inducible Trm1-II-GFP INM mislocation. In addition to its role in the cell cycle, Cdc1 is a lipid phosphatase of the ER. 41 Cdc28 participates directly in SPB dynamics and lipid homeostasis, 28, 29 and Cdc48 has multiple roles in the cell and its effect may also be indirect. Third, our co-localization analysis of galactose-inducible Trm1-II-GFP revealed that the protein accumulates at a discrete region that does not coincide with the nucleolus or its associated membrane in the majority of the spc110-220 cells examined. Thus, Trm1-II-GFP mislocation is unlikely to be related to those changes in the membrane surrounding the nucleolus.
33,40 As we did not observed a direct relationship of the INM targeting defect of galactose-inducible Trm1-II-GFP with changes at the NE initiated by cell cycle delays, we propose that the phenotype observed in SPB defective cells is caused by alterations of the NE directly related to SPB dynamics.
In addition to targeting, INM tethering was affected as INM-located Trm1-II-GFP "collapses" to a discrete region of the NE after α-factor arrest. The effect of the SPB in INM protein "spreading" and maintenance suggests that it plays a role in INM targeting and/or tethering by influencing NE membrane dynamics. Perhaps, the SPB has a role in controlling lipid homeostasis in the NE as part of a normal coordination of events during cell division. Previous work indicates that the SPB protein Mps3 is involved in NE homeostasis in addition to its role in SPB duplication. 37, 42 Although we found that two Mps3 ts mutations, mps3-1-and mps3-7, also affect Trm1-II-GFP location, our work suggests a broader role for the SPB in NE homeostasis. A role of the SPB in nuclear shape and size in Schizosaccharomyces pombe was also proposed. 34 Remarkably, the ER-nucleus junctions seem to play an important role for coordinated changes at the NE. Although there are important differences between the SPBs in S. pombe and S. cerevisiae, it is interesting to consider the possibility of a conserved role in NE homeostasis in budding yeast.
Further studies of the role of the SPB in membrane dynamics are warranted. Continued analysis of NE dynamics in cells with altered SPB will help elucidate the exact function of this structure. In addition, we were able to uncover that INM targeting and tethering of peripherally associated proteins might be more complex and may incorporate different factors and steps to achieve its location. More information is required to elucidate the targeting and/or tethering of Trm1-II (and other peripheral INM proteins) to the INM. Additional studies on Trm1-II INM tether and detailed characterization of its INM binding motif will help to better understand the dynamics of this peripheral protein and perhaps similar proteins.
Materials and Methods
Yeast strains and plasmids
The strain BY4741 (MATa his3Δ leu2Δ met15Δ ura3Δ) was used for most of the experiments. BY4741 is the parent strain for the yeast ts collection. 22 Yeast strains were maintained in YEPD media with or without G418 (0.2 mg/ml) or in synthetic defined media (SC) lacking the appropriate nutritional ingredients for selection. The strain for the Tet-Promoter Collection is R1158 (URA3::CMV-tTA MATa his3-1 leu2-0 met15-0); it is derived from BY4741. 30 Plasmid pGP54a-Trm1-II-GFP, 20 encodes a galactoseinducible Trm1-II-GFP in pRS416. Plasmids pGP54a-Pus1-GFP and pGP54a-Heh2-GFP were generated by inserting the PUS1 or HEH2 open reading frames (ORF) into the polylinker region of pGP54a-GFP. 18 Plasmid pGP54a-Trm1-II-GFP-b, containing galactose-inducible Trm1-II-GFP (LEU2 selection marker) was generated by restriction digestion and subsequent ligation of pGP54a-Trm1-II-GFP into pRS415. Scs2-MORF plasmid contains a galactose-inducible MORF-tagged Scs2. 43 Plasmid pTPL7 encodes Trm1-II-GFP regulated by its endogenous promoter. To generate this plasmid, the TRM1 promoter sequence and ORF were amplified by PCR to change the first ATG to ATC, so that the translation ensues only at the 2nd AUG and encodes only Trm1-II. The PCR products were digested with SacI and HindIII and then ligated into a SacI and HindIII digested pRS416 plasmid that contains a GFP and TRM1 terminator sequence. Plasmid pFJ35, contains the C-terminus mCherrytagged H2B protein regulated by the ADH2 promoter. 44 Standard techniques were utilized for yeast transformations and DNA manipulation in order to endogenously tag the SPB protein Spc97 and the ER protein Sec63 at the C-terminus with mCherry.
Genetic screen and cytological analyses 96-well plate yeast transformation and galactose induction: Transformation of pGP54a-TRM1-II-GFP into the yeast collection of ts mutants 22 was performed using a method based in the LiAc transformation protocol 45 and adapted for the 96-well plate format 18 with the exception that heat shock was performed using an Inca personal plate incubator (Mikura) at 45 °C for 15 min. Then, 10 μl of cells were transferred to solid selection media and incubated at 23 °C for approximately one week.
To determine the subcellular distribution of Trm1-II-GFP in the ts mutants, galactose to a final concentration of 2% was added to individual log phase cultures propagated at 23 °C in selective media with raffinose as the carbon source. After 30 min, the cultures were transferred to the NPT (37 °C) and were incubated for additional 1.5 h. To view the location of Trm1-II-GFP, live cells were placed on glass slides containing a 1.2% (in media) agarose pad and were maintained at 37-38 °C by the use of the microscope stage warmer (Nikon). The ts mutants for which Trm1-II-GFP showed an aberrant subcellular location were verified (two additional rounds). 740 yeast strains, representing about 99% (750 strains total) of the ts collection, 22 were examined in this way.
Further analyses of Trm1-II-GFP in wt and ts mutants was conducted on cells that were first fixed with formaldehyde, resuspended in DAPI solution and washed with water before epifluorescence microscopy on agarose-containing slides. To analyze the localization of galactose-inducible Trm1-II-GFP in wt cells treated with yeast pheromone, 2 µg/ml of α-factor (Sigma) and incubated with shaking at 23 °C until shmoos were formed. Then, Trm1-II-GFP was induced by addition of galactose and cells were collected after 2 h. To examine the location of endogenous levels of Trm1-II-GFP at the NPT, cells containing plasmid pTPL7 were incubated in an air shaker at 37 °C for 2 h. The location of galactose-inducible Trm1-II-GFP at PT and NPT was analyzed by addition of galactose for 1 h. Then, glucose was added to cells that were incubated an extra hour and collected.
For analysis of tetracycline-regulated SPB genes, individual yeast strains obtained from the Tet-Promoter Hughes Collection 30 were transformed with the plasmid pGP54a-Trm1-II-GFP-b. Individual transformants were grown to log phase in SC-LEU media with raffinose as the carbon source. A final concentration of 10 μg/ml of doxycycline was added to the culture and incubated an extra 16 h. Galactose was then added to the culture to a final concentration of 2%. Cells were visualized using fluorescence microscopy after 18, 36, and 42 h post-addition of doxycycline.
Co-localization experiments
Co-localization experiments were performed using wt and SPB ts mutants spc110-220 or wt cells arrested with α-factor containing galactose-inducible Trm1-II-GFP. Log phase cultures on raffinose media were induced with 2% of galactose and incubated at 37 °C for 2 h then processed.
Microfluidics perfusion system for live cell imaging We employed a microfluidics perfusion system (Cell ASIC, EMD Millipore) to study the intracellular dynamics of galactoseinducible Trm1-II-GFP, Pus1-GFP and Heh2-GFP Experiments were conducted at room temperature. At least two independent experiments for each protein were conducted. Changes in the media and incubation times were programmed using the ONIX TM FG Software. The pressure used in all the experiments was 2 psi. First, 50 µl of log phase cells were loaded into a Y04C plate. Immediately, SC media lacking uracil and containing 2% raffinose was flowed through the chamber while the cells were focused and selected for imaging. Then, the carbon source was switched to galactose for 60 min for protein induction. The carbon source was switched to glucose to prevent further induction until the end of the experiment. Images were collected at 0, 45, 60, 90, 120, and 150 min after galactose induction. Additional images of different cells were collected after 150 min.
Dynamics of galactose-inducible Trm1-II-GFP, Pus1-GFP, and Heh2-GFP in wt cells arrested with α-factor was monitored as described above, but with the following changes: raffinose media was switched to raffinose media containing 2 µg/ml of α-factor pheromone and media was flowed until the majority of the cells were arrested. Then, the carbon source was switched to galactose for 60 min using media containing α-factor. Galactose was switched to glucose for 60 min using media containing α-factor. To monitor Trm1-II-GFP after release from the α-factor arrest, the glucose media with α-factor was switched to glucose media without α-factor until the end of the experiment (210 or 420 min after induction).
To monitor INM maintenance of galactose-inducible Trm1-II-GFP after α-factor arrest, raffinose media was switched galactose media for 60 min. Next, galactose media was switched to glucose media for an additional 120 min. Finally, media was switched to glucose media containing α-factor pheromone until a large number of cells were arrested as assessed by acquisition of the shmoo shape.
Microscopy and imaging
All studies (except live imaging using the microfluidics perfusion system), were visualized using a Nikon 90i microscope (60× Plan Apo VC/1.4 NA objective lens) equipped with Differential Interference Contrast (DIC), fluorescein isothiocyanate (FITC), DAPI and Texas red filter sets. Imaging was performed using a CoolSNAP HQ2 (Photometrics) camera and either METAMORPH or Nis-Elements software. Monitoring of live cells in the microfluidics chamber was performed using a Nikon microscope equipped with a spinning disk confocal
